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Fluorescent Lamp Artificial Daylight Units 
for Colour Matching 


By G. T. WINCH, M.LE.E., F.Inst.P, (Fe/low), W. HARRISON, B.Sc. (Member) 
and H. R. RUFF, B.Sc. (Eng.), M.I.E.E. (Member). 


Summary 


The colour and colour rendering characteristics of natural daylight are 
considered together with the requirements for artificial daylight sources for 
critical colour matching purposes. The development of artificial daylight 
units utilising tubular fluorescent electric discharge lamps is shown to follow 
two main lines, namely, 

(a) a combination of fluorescent powders in either cold or hot 
cathode fluorescent lamps, and 

(b) a combination of radiation from fluorescent lamps and groups 
of incandescent tungsten filament lamps. 

Practical tubular fluorescent daylight colour matching units using cold 
cathode tubes are in use in industry for critical colour matching purposes, 
whilst experimental hot cathode lamps have been used in some prolonged 
field tests. 

An alternative method being investigated is to combine blue fluorescent 
lamps with incandescent tungsten filament lamps. This provides a closer 
approximation to black body spectral distribution than at present possible 
with fluorescent lamps alone. provided care is taken to ensure adequate 
mixing of the light, and adjustment is made for the differential life behaviour 
of the component lamps. 

The outstanding advantage of artificial daylight units incorporating 
tubular fluorescent lamps is their high efficiency (of the order of 30 Im/w.) 
which enables a very much higher illumination to be obtained over large 
working areas than has previously been practicable with filtered tungsten 
light or light from daylight units incorporating CO, tubes. 


Contents 
(1) INTRODUCTION. (3.4) Fluorescent lamp — incandescent 
(2) COLOUR MATCHING PROBLEM. lamp combinations. 
(2.1) Natural daylight. (4) PRACTICAL ARTIFICIAL DAY- 
(2.2) Artificial daylight requirements. goal —— 
‘ aT % (4.1) Fluorescent lamps. 
0) ae” DAYLIGHT ILLUM (4.2) Fluorescent _lamp incandescent 
r ; lamp units. 
(3.1) I descent la d filter 
a oe a |) CONCLLNCNE: 
(3.2) Electric discharge sources. (6) ADDENDUM: PROGRESS SINCE 
(3.3) Fluorescent lamps. | 1948. 


(1) Introduction 
The wide range of colour quality at high luminous efficiency possible with the 
fluorescent lamp, as well as the convenience of its shape for illuminating large areas. 
has made it of particular interest as an artificial daylight source. 
Work has proceeded along the following two main lines:— 
(a) The combination of fluorescent powders in either cold or hot cathode fluores- 


_ Mr. Winch is with the Research Laboratories of The General Electric Co. Ltd., Wembley; Mr. Harrison 
with the Lamp Research Laboratory, Siemens Electric Lamps and Supplies Ltd., Preston, and Mr. Ruff with the 
Research Laboratory, The British Thomson-Houston Co. Ltd., Rugby. 

j ~ paper was presented at the eleventh session of the International Commission on Illumination in Paris, 
une-July, 1948. 
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cent lamps to provide light of a suitable spectral energy distribution for 
critical colour matching purposes. 

(b) The combination of radiation from fluorescent lamps and groups of incandes- 
cent tungsten filament lamps so that the mixed light shall have a suitable 
spectral energy distribution for critical colour matching purposes. 

Following from this work there are three main forms of artificial daylight unit 
under development in this country, as indicated below, of which (i) is already in 
use in industry for critical colour matching, whilst (ii) and (iii) are in advanced 
experimental stages. 

(i) A unit incorporating cold cathode fluorescent lamps approximating in colour 
and ‘spectral energy distribution to that of a black body at 6,500 deg. K. 
(Standard Illuminant C). 

(ii) An experimental unit incorporating mains voltage hot cathode tubular 
fluorescent lamps having closely the same form of spectral energy distribution 
as the cold cathode lamps referred to in (i). 

(iii) An experimental unit incorporating incandescent tungsten filament lamps in 
combination with blue tubular fluorescent lamps to produce an approximation 
to black body spectral energy distribution and colour at temperatures of 
4,800 deg. K. (Standard Illuminant B) and 6,500 deg. K. (Standard Iluminant 
©), 

(2) The Colour Matching Problem 


Faced with the problem of duplicating a given dye, or other surface colour, a 
colourist can, from an accurate knowledge of its spectral reflection characteristics, 
produce identical coloured materials. If these are identical in spectral reflection the 
sample and its duplicate will be indistinguishable in colour in whatever light they are 
viewed. Identity in this case means theoretical perfection. Practically it is necessary 
to assess permissible tolerances which are difficult to ascribe and more difficult to 
measure and control under manufacturing conditions. Such control is commonly 
achieved by viewing and/or measuring the resultant surface colour under a standardised 
illuminant, preferably of a daylight quality. There is thus need for:— 

(i) A source of artificial daylight to illuminate samples for colour measurements. 

(ii) A source of artificial daylight for viewing large samples. 


(2.1) Natural Daylight 


As daylight is the natural illuminant under which the eye has evolved, all colours 
appear to be rendered “naturally” by daylight. The spectral distribution of day- 
light has no appreciable deficiency at any part of the visible spectrum, and closely 
approximates to that of black body radiation (non-selective radiation). 

Since daylight approximates to black body radiation in the visible spectrum it 
is permissible and convenient to define it by its colour temperature as this indirectly 
indicates its spectral luminance. The actual colour temperature of daylight can var) 
greatly, the colour temperature of warm sunlight being in the region 4,000-5,000 deg. 
K., that of average north light 6,500 deg. K., and that of blue skylight up to 20,000 
deg. K. For colour matching purposes employing natural daylight it is the practice 
to work under north skylight and the colour temperature of 6,500 deg. K. is general; 
regarded as corresponding to these conditions. 

For the positions of various natural and artificial daylight colours on the C.LE 
chromaticity diagram, reference may be made to the paper “ Illuminants for Color: 
metry and the Colours of Total Radiators” by Harding.“ 

The variations in the colour temperature of natural daylight make daylight itself 
far from ideal as a colour matching illuminant. 
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FLUORESCENT LAMP ARTIFICIAL DAYLIGHT UNITS FOR COLOUR MATCHING 


(2.2) Artificial Daylight Requirements 


The most important requirement of any “ artificial daylight” for precise colour 
matching is a spectral distribution approximating as closely as possible to one of the 
acceptable phases of daylight or to black body radiation at the desired colour 
temperature. 

Other requirements are:—- 

(i) The “daylight” quality to be maintained through life. In many cases a 
small change in colour temperature can be tolerated provided the daylight 
quality is maintained. 

(ii) The illuminant should be reproducible to close tolerances on its spectral 
distribution. 

(ili) For colour viewing work it is important to be able to illuminate a considerable 
area evenly and at a high intensity. For this a reasonably high luminous 
efficiency is obviously advantageous. 

The British Standard Specification No. 950 may be referred to as an example 

of a specification covering the practical artificial daylight sources hitherto available. 


(3) Artificial Daylight Illuminants 
(3.1) Incandescent Lamp and Filter Combination 
A tungsten filament lamp provides an illuminant easily reproducible to close 
tolerance to a colour temperature specification. The spectral luminance distribution 
is practically the same as that of black body radiation and the maintenance and 


luminous efficiency are good. The limitation of tungsten filament lamps is that the 
highest colour temperature at which they can be operated is not much above 3,000 
deg. K. Aodification of the spectral distribution by means of a filter introduces 


difficulties. It is difficult to make a large filter having just the right spectral trans- 
mission curve and of sufficient uniformity to enable large areas to be illuminated. A 
very considerable resultant reduction in overall efficiency is therefore inevitable and for 
a high light intensity, heat dissipation presents a problem. 

Examples of the use of blue glass filters are:— 

(i) Tungsten filament lamps in blue glass bulbs, the so-called “ daylight,” lamps. 

(ii) ‘“‘ Lamplough ” units using a double filter glass in the lighting fitting. This 

provides a better approximation to daylight than (i). 

(iii) Illuminant D (Kelly, Gibson and Nickerson 1943) produced by a combination 

of a filament lamp at 3,000 deg. K., and a (Macbeth) Corning daylight glass. 

Such lamps and fittings are suitable for use in viewing rooms where the colour 
appearance of surface colours has to be appraised. 

Various liquid filters have been employed in conjunction with tungsten filament 
lamps to provide standard illuminants for colorimetric and spectro-photometric pur- 
poses, and those due to Davis and Gibson have been adopted by the C.I.E. as the 
Standard illuminants B and C. These standard illuminants have colour temperatures 
approximating to 4,800 deg. K. and 6,500 deg. K., and represent two phases of day- 
light which are acceptable as practical artificial forms of daylight suitable for colour 
matching. Other liquid filters are used with tungsten lamps to produce the Illuminants 
Eand S. For an account of illuminants employing filters and tungsten filament lamps 
0 simulate total radiators reference may be made to the previously mentioned 
paper.(1) 

A comparison of the spectral distribution of Illuminants B and C and the cor- 
lesponding black body radiation may be made from the published energy distribution 
turves or from Table 1, where the percentage luminance is given in eight spectral 
bands. This method of indicating spectral luminance distribution and colour render- 
ig properties has been described in detail in a collateral paper.) 
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Table I 


Luminance distribution of Illuminants B & C and black body radiations 
in eight spectral bands 


No. | Waveband IJluminant B | 4800 deg. K. Illuminant C | 6500 deg. Ix. 


per cent. per cent. per cent. per cent 
1 0.40-0.42 | 0016 | 0021 | 0.024 | 0.032 

| 2 | 0.42-0.44 0.175 0.183 | 0.263 0.26 
3 | 0.44-0.46 0.642 | 0.604 | 0.909 | 0.83 
| 4 0.46-0.51 9.217 9.05 | 11.103 | 10.65 
5 0.51-0.56 39.31 39.82 40.86 | 41.81 

6 0.56-0.61 38.16 37.97 36.15 35.77 

7 0.61-0.66 11.57 11.51 | 9.95 9.90 


8 0.66-0.72 0.896 0.86 | 0.717 0.68 


It is generally agreed that these incandescent lamp-liquid-filter combinations are 
the best artificial daylight sources for illuminating samples for colour measurements. 


(3.2) Electric Discharge Lamp Sources 


In general, because of the discontinuous nature of their spectra, non-fluorescent 
electric discharge lamps have been unsuitable as artificial daylight sources. An ex- 
ception is the carbon-dioxide discharge lamp (Moore lamp) which gives a white light 
of daylight quality and colour temperatures in the region of 7,000 deg. K. but has a low 
efficiency of only about 3 to 5 Im/w. Daylight units incorporating such lamps are 
used for colour matching purposes where reasonably large areas have to be illuminated 
for colour viewing purposes. 


(3-3) Fluorescent Lamps 


The development of a wide range of phosphors for tubular fluorescent lamps 
opened up possibilities of producing artificial daylight at high luminous efficiency. 

No difficulty is experienced in obtaining a fluorescent lamp which has a colour 
appearance practically identical with any desired daylight colour and the various 
* Daylight * colour lamps for general illumination purposes do approximate to day- 
light in colour appearance (usually 6,500 deg. K. or 4.500 deg. K.). Since, as is shown 
by the spectral distribution, the light from these lamps contains mercury spectral lines 
mainly at 0.4358 yw, 0.5461 4, and approximately 0.5780, the designers of fluorescent 
lamps were cautious with regard to recommending their use as colour matching 
illuminants. 

Colourists, however, pressed for a fluorescent colour viewing illuminant and from 
1938 (3) prior to the standardisation of mains voltage lamps, tailor-made high voltage 
cold cathode fluorescent lamp installations were fitted into the colour matching 
laboratories of leading textile firms. It was found that the uniform, high-intensity 
lighting obtained outweighed any disadvantage due to small departures from the ideal 
spectral luminance distribution. The operating current was in the region of 50 to 
90 milliamps., and the lamps were made using a combination of magnesium tungstate, 
zine beryllium silicate and cadmium borate to give a colour temperature of approxi- 
mately 6,500 deg. K. 

By 1942 it had been reported (4) that mains voltage fluorescent lamps had 
been installed in a number of situations where accurate colour comparison was 
made and that although not perfect, the colour rendering properties of the lamps had 
proved to be such that it was unnecessary to view many surface colours in test rooms 
fitted with special artificial daylight colour matching illuminants. 

Field experience has also confirmed that where fluorescent lamps are required 
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FLUORESCENT LAMP ARTIFICIAL DAYLIGHT UNITS FOR COLOUR MATCHING 


for lighting interiors and daylight quality is desired, one of the warmer phases of day- 
light is preferred. Consequently lamps for such applications are now generally designed 
to have a colour appearance of about 4,500 deg. K. 

For colour viewing, however, a colour temperature of approximately 6,500 deg. K. 
is generally to be preferred as had been found from experience with the cold cathode 
lamps referred to earlier. By a suitable selection of phosphors it is possible to produce 
fluorescent lamps which give a better approximation to the required spectral distri- 
bution and more recently cold cathode high-voltage fluorescent lamps (5) have been 
produced which are being used in industry for critical colour matching purposes. 
Investigations have also been made with experimental mains voltage lamps of the 
standardised British 80-watt, 5 ft. x 14 in. dia. size. 

While colour rendering characteristics rather than colour appearance are the decid- 
ing factors in the choice of a colour viewing illuminant, the chromaticity diagram is of 
use for seeing whether a given phosphor can be used in combination for obtaining 
daylight of a given colour appearance. 

In Fig. 1 are plotted some points showing the colour of the light obtained from 
low pressure mercury lamps made with different phosphors. It is a property of the 
chromaticity diagram that a mixture of the light from any two illuminants plotted in 
this diagram will have a colour appearance falling on the straight line joining the 
two points. The actual position of the mixture can be derived from a knowledge of 
the proportions of the mixture, and this is directly related to the ratio of the distances 
along this line. It follows that light of any colour within the figure ABCD can be 
produced by an appropriate mixture of light from lamps made, respectively, with the 
fluorescent powders indicated. Similarly the required colour can be achieved by a 
critical mixture of the phosphors in single lamps to produce light of a colour which 
will plot on or near the black body locus indicated in Fig. 1. 

By suitable choice, lamps have been made using single powders or mixtures to 
give light of closely the same colour appearance as black body radiation over a wide 
range of colour temperatures. By considering, in addition, the spectral distribution of 


‘J Zinc 








Fig. 1. Chromaticity diagram 

showing colour of light from 
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the radiation from the powders a close approximation’ to black body colour rendering 
properties can be obtained. 

Reference has been made to the difficulty of appraising the colour rendering 
properties of a light source containing even small amounts of line radiation. An 
attempt to simplify the problem has been made by integrating the radiation into eight 
selected spectral bands (2). This is giving encouraging results and in Table II are 
shown the eight spectral band data of a batch of cold cathode and a batch of hot 
cathode fluorescent lamps of approximately 6,500 deg. K. colour and suitable for use 
in critical colour matching applications. The efficiency of these lamps is approximately 
30 Im/w. 


Table II 


Luminance distribution of typical 6500 deg. K. colour matching 
fluorescent lamp 











Per cent. luminance 
No. Waveband Fone a 
| im Cold cathode Hot cathode 
—- —— 3 ti — - _- $$$ ____—__—_— $$$ $$ $$$ — 
1 2 3 4 
1 | 0.40-0.42 | 0.016 0.016 
2 0.42-0.44 0.50 0.53 
3 | 0.44-0.46 0.62 0.64 | 
4 | 0.46-0.51 9.16 9.59 
| ioe - 
5 | 0.51-0.56 44.35 45.7 
6 | 0.56-0.61 35.53 33.7 
7 | 0.61-0.66 9.49 | 9.46 | 
8 | 0.66-0.72 0.33 | 0.31 | 








A pictorial representation of the relative colour rendering properties which has 
been adopted by British lamp manufacturers is shown for two sources in Fig. 2, where 
the luminance in the eight spectral bands of the radiation from a black body and 
colour matching fluorescent lamp of 6,500 deg. K. colour are compared. The ordinates 
of the eight bands are shown on a logarithmic scale to facilitate the reading of the 
low luminance values at the ends of the visible spectrum, which, although small, have, 
particularly at the blue end of the spectrum, an important influence on the colour 
rendering properties. 


(3.4) Fluorescent Lamp—Incandescent Filament Lamp Combinations 


As previously indicated, the light from a tungsten filament lamp has a spectral 
luminance distribution practically identical with that of black body radiation, but the 
colour temperature is low, being, for most general lighting service lamps, within the 
range 2,600—2,850 deg. K. as shown in Table III. 

Compared with daylight, the light from a tungsten filament lamp is deficient at 
the blue end of the spectrum. This deficiency can be corrected by combining the 
light from a blue fluorescent lamp with that from the filament lamp. 

It has been found (©) that some blue phosphors have features which make them 
particularly suitable for combining with incandescent lamps in the production of 
artificial daylight: Examples are (i) magnesium tungstate and (ii) blue calcium halo 
phosphate. Tests on seven batches of magnesium tungstate showed no noticeable 
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Fig. A Spectral band diagrams for cold and hot cathode daylight colour matching lamps. 


colour difference, and reproducibility of the blue calcium phosphate is similarly good 
from batch to batch. 

In Fig. 3 a section of the C.ILE. chromaticity diagram is shown with the locus of 
black body colours and the positions of the magnesium tungstate and blue phosphate 
fluorescent lamps. The lamps for which these positions have been obtained are 
identical in electrical characteristics with the well-known 5 ft. x 14 in. x 80-watt lamps. 
The lines joining the blue fluorescent lamp positions to the 2,700 deg. K. positions are 
the loci of mixtures of the respective blue fluorescent lamps and tungsten gas-filled 
lamp at 12 Im/w. The line joining the magnesium tungstate position to 2,700 deg. K. 
passes almost through the 4,800 deg. K. point, and this combination is, therefore, 
particularly suitable for simulating daylight at a colour temperature of about 
4800 deg. K., the necessary luminance contributions being 59 per cent. from the 
lament lamp at 12 Im/w. and 41 per cent. from the magnesium tungstate lamp or, 


Table III 


Approximate colour temperatures corresponding to efficiencies 
for general lighting service gasfilled lamps 

















Luminous efficiency Approximate colour temp. | 
9 lumens per watt 2600 deg. K. 
iz os 2700 deg. K. 
a ee 2848 deg. K. (Std. 
Illuminant A) | 
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Fig. 3. Chromaticity diagram 

showing mixtures of light from 

tungsten filament lamps and blue 

phosphors to produce artificial 
daylight. 
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alternatively, 62 per cent. from illuminant A and 38 per cent. from the magnesium 
tungstate. 

The line joining the blue phosphate position to 2,700 deg. K. passes almost 
through both the 6,500 deg. K. and the Equal Energy positions, so that this phosphor 
is suitable for the range 5,500 deg. K.—7,000 deg. K. For a colour of 6,500 deg. K. 
the required contributions are 46 per cent. from the filament lamp at 12 Im/w. and 54 
per cent. from the blue phosphate lamp. 

For the Equal Energy colour, 55 per cent. luminance is required from the filament 
lamp and 45 per cent. from the blue phosphate lamp. 

The spectral distributions of the mixtures described above approximate fairly 
closely to black body distributions. The eight spectral bands distribution data are 
given in Table IV. 

















Table IV 
Luminance distribution of mixtures 
59 per cent. tungsten at 46 per cent. tungsten oa 
No. Waveband 12 lm/w. 41 per cent. 12 Im/w. 54 per cent. 
| pe ae tungstate blue phosphate 
Se Mee, See... EY EM kk . 
1 0.40-0.42 0.0125 0.017 
| 2 0.42-0.44 0.26 0.365 
3 0.44-0.46 0.54 | 0.66 
| 4 0.46-0.51 8.8 | 10.2 
| 5 | 0.51-0.56 41.6 | 44.5 
| 6 | 0,56-0.61 36.1 | 33.4 
7 0.61-0.66 11.6 10.0 
| 8 | 0.66-0.72 1.02 | 0.85 


It may be noted that in the mixtures given above the proportion of mercury lines 
is reduced to about one-half of that in fluorescent lamps alone. The luminous 
efficiency of the combined source is approximately 20 lm/w. Great care must be taken 
to ensure that the radiations are adequately mixed. 

Another blue phosphor which also has good reproducibility and may be 
applicable with magnesium tungstate in mixed phosphors is calcium tungstate. 


8 Trane. Illum. Eng. Soc. (London), 
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FLUORESCENT LAMP ARTIFICIAL DAYLIGHT UNITS FOR COLOUR MATCHING 


(4) Practical Artificial Daylight Units 


(41) Fluorescent Lamps 


Applying either cold cathode or hot cathode fluorescent lamps for colour viewing 
work is quite straightforward. Cubicles or test rooms can be designed, using the 
normal lighting design techniques applicable to fluorescent lighting, and illumination 
levels of 50 lumens per square foot or more can be readily obtained over large areas. 
The only additional precaution which must be taken, as colourists will be well aware, 
is that all the decoration and materials used in such rooms must be neutral so that 
the colour of the light from the lamps is not modified. A photograph of an 
experimental installation equipped with high voltage cold cathode in 1939 is shown in 
Fig. 4. It is still in use nearly ten years later with the original lamps. 

Recently units incorporating standardised lengths of high voltage cold cathode 
lamps (5) have become available for colour matching and are being extensively used in 
industry. In one version of this unit two lamps 6 ft.. long and 20 mm. diameter are 
mounted side by side in an inverted trough reflector. An alternative form incorporates 


Fig. 4. A colour match- 
ing viewing room. 





a U-shaped lamp of the same effective length. Both lamps are operated at a current 
of 90 milliamps from a mains transformer incorporated in the fitting. A photograph 
of one of these units is shown in Fig. 5. 

The mains voltage hot cathode lamps can be used in any of the convenient lighting 
units developed for general industrial lighting purposes provided the finish of the 
reflecting surfaces is neutral. 

The colour and spectral luminance distribution of the light both from cold and 
hot cathode lamps varies little with variation of circuit voltage. Stability is such that, 
for example, in the cold cathode unit the efficiency falls by only about 15 per cent. 
at the end of 3,000 hours’ life, during which period there is no appreciable change in 
the colour rendering properties. For the hot cathode lamp the burning hours are 
approximately one-third of this for the same depreciation. For less critical viewing 
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Fig.5. Acold cath. 
ode daylight unit, 


conditions the lamps may be used for their full lives of about 10,000 and 3,000 hour 
respectively. The luminous efficiency of both cold and hot cathode lamps is of the 
order of 30 Im/w. 


(4.2) Fluorescent Lamp—Incandescent Lamp Units 

A colour matching unit providing a high level of illumination may conveniently 
employ two 5 ft. x 14 in. x 80-watt fluorescent lamps and four gasfilled lamps. 

For a colour in the range of 5,500-7,000 deg. K., the blue phosphate is preferable 
and the two 80-watt lamps will give a total of approximately 6,400 lumens initially. 


Either 100-watt or 150-watt filament lamps might be used and Table V indicates the 
colour which would be obtained. During life, since the fall off in luminous efficiency 
of the fluorescent lamps is somewhat more rapid than for the filament lamps, the 
effective overall colour would change as indicated in Table V. Because the daylight 
quality is still maintained at the lower temperature (the mixture locus follows the 
black body curve) the change of 300 to 400 deg. K. would in general not be noticeable 
to the user, but if it is desired to maintain constant proportions through life this maj 


Table V 


Data on the mixture of two 80 watt blue phosphate fluorescent lamps 
with four geelilled single o coil mains voltage lamps 


100 watt 150 watt 
filament alos | filament lamps 





Filament lamp lumens (4 lamps) ea 4700 lumens | 
Luminance contribution (initial) | 
Blue phosphate es — ‘ns 58 per cent. | 45 per cent. 
Filament lamps ies ae ik 42 percent. | 55 per cent. 
Approximate colour (initial) ... ... | 7000 deg. K | 5500 deg. K 
Luminance contribution (after 1000 hrs.) | 
Blue phosphate iss she ee 55 per cent. 42 per cent. 
Filament lamps oe ... | 45 per cent. 58 per cent. 
Approximate colour (1000 hrs. ) ... | 6700 deg. K 5200 deg. K 


7900 lumens 
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conveniently be done by a series variable resistance in the fluorescent lamp circuit. No 
noticeable colour change results from a 10 per cent. change in the watts loading on the 
fluorescent lamps. 

An experimental daylight colour matching unit has been designed employing this 
combination. It is vital to mix the light from the two sources intimately since they are 
of such diverse colour and polar distribution. The mixing should be checked by 
measuring the evenness of the illumination on the working plane of each light source in 
turn. 


(5) Conclusions 


The good colour and colour rendering properties of the fluorescent lamp, its high 
efficiency and the convenience of its form for obtaining high even illumination over 
large areas makes it attractive for viewing and comparing large colour samples in 
spite of the small departures from the ideal black body spectral distribution. A colour 
of approximately 6,500 deg. K. has been preferred for fluorescent lamps for colour 
matching work. 

Cold cathode lamps have been in use in industry for some years for critical 
colour matching purposes whilst experimental hot cathode lamps have been used for 
some prolonged field tests. 

An alternative method of utilising fluorescent lamps in daylight units, which is 
under investigation, is to combine blue fluorescent lamps with incandescent tungsten 
flament lamps. This provides a slightly closer approximation to black body spectral 
distribution provided care is taken to ensure adequate mixing of the light, and adjust- 
ment is made for the differential life behaviour of the component lamps. 


(6) Addendum: Progress Since 1948 


Considerable progress has been made since this paper was presented in July, 1948. 

The mains voltage hot cathode colour matching fluorescent lamp has become 
commercially available in a range of sizes including the 5-ft. 80-watt and 4-ft. 40-watt. 
In addition, a unit employing the combination of blue fiuorescent and tungsten filament 
lamps has been described.(7) The discharge lamp artificial daylight units which are 
dealt with in the paper and also the new units referred to in the two preceding para- 
gtaphs, have aroused considerable interest in a recent series of colour matching tests 
conducted by the Wool Research Association.(8) 

In Paris, in July, 1948, the I.C.I. agreed to extend to the extreme limits of the 
Visible spectrum, the spectral bands by reference to which the colour rendering pro- 
perties of an illuminant should be specified. The wavelength intervals in bands 2 to 7 
were unchanged from those quoted in Tables I, If and IV of the present paper, but the 
values in bands 1 and 8 in Table I should now be as follows :— 























end No. Waveband on eng "yoremn. =o 
1 0.384 to00.42u | 0.017 0.021 0.026 0.034 
| 8 0.664 0.764 | 0.909 0.86 0.726 0.68 





For practical purposes the relative luminance values for bamds 1 and 8 in col. 3 
of Tables II and IV can be considered as unchanged. 

Attention is also drawn to the fact that throughout the paper the approximate 
colour temperature of Standard Illuminant C is referred to as 6,500 deg. K. This is an 
approximation to the nearest 200 deg. K. To the nearest 100 deg. K., the colour 
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temperature of Standard Illuminant C is 6,700 deg. K., but this does not affect the 
general conclusions based on the figure of 6,500 deg. K., quoted in the paper. 
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Obituary 


PERCY GOOD 


It is with the deepest regret that we announce the death at his home, on Decenm- 
ber 2, of Mr. Percy Good. 

Born in London in 1880 he was educated at the City of London School and the 
City and Guilds College. He joined the British Engineering Standards Association 
as Assistant Secretary in 1913, was appointed Deputy Director of the B.S.I. in 1929 and 
Director in 1942. In addition to his work on standardisation, in which he had an 
international reputation, he had a wide interest in scientific and educational matters 
He was President of the I.E.S. 1938-39 and President of the LE.E., 1947-48. He was 
also a member of the Executive Committee of the National Physical Laboratory. 

His contributions to lighting were of the highest order, and he was created a 
C.B.E., for his services as Chairman of the Joint Lighting Committee of the Ministry 
of Home Security and the Illuminating Engineering Society during the period 
1939-45. This committee was formed in June 1939 with the job of reporting on any 
lighting problems expressly referred to it by the Ministry of Home Security. The 
list of problems was enormous and each one entailed considerable, and frequently 
original, research. The subjects considered by the Committee included every aspect 
of lighting in war-time. Behind all this work was the driving personality of Percy 
Good, who not only did not spare himself but managed to get the very utmost oul 
of those who worked under his leadership. Throughout the war years he acted as 
chairman of this committee, and it was through his efforts that the “ starlight ” form 
of street lighting and eventually increased standards were permitted. 

Another great service for which Mr. Good will for ever be remembered is the 
part he played in the organisation of the International Illumination Congress in this 
country in 1931. Mr. Good was chairman of the London Committee, and, in conjunc- 
tion with Mr. Tudor Davies, he produced for the benefit of the many visitors from 
Overseas an original guide to London, which was entitled “A London Symphony.” 
But perhaps of more importance to the general public was the organisation of flood- 
lighting on a large scale for the first time. Here again the drive and energy of 
Mr. Good enabled the many prominent buildings and monuments of London to be 
lit up at night, thereby contributing so much to the enjoyment of Londoners and 
visitors to London at that time, and laying the foundations for such lighting on future 
occasions. The crowds which gathered to see the illuminations in 1931 were the 
largest London had ever known. 

Mr. Good endeared himself to all who came in contact with him. He leaves 4 
widow and one son to whom we extend our sincere sympathy. 
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Measurement, Representation and Specification 
of Colour and Colour Rendering Properties 
of Light Sources 


By G. T. WINCH, M.1.E.E., F.Inst.P. (Fed/ow) 
and H.R. RUFF, B.Sc. (Eng ), M.LE.E. (Member). 
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Summary 


The problem is stated and is followed by a description of methods of 
measuring and specifying colour and colour rendering properties, with 
particular reference to tubular fluorescent lamps. 

It has been found desirable in Great Britain to specify the colour 
characteristics of these light sources in terms of both their colour rendering 
properties expressed as percentage luminance in eight spectral bands, and 
their colour appearance in C.I.E. chromaticity co-ordinate limits. Typical 
forms of colour and spectral band specification are indicated, and a preferred 
form of block diagram is shown in which the percentage luminance values 
in the eight spectral bands are plotted on logarithmic ordinates. 

New and more accurate measuring apparatus is described, to enable 
lumens, trichromatic co-ordinates and luminance in eight spectral bands 
to be measured directly on the C.I.E. system in quick succession in the one 
apparatus. The accuracy of such precision instruments may make it 
possible ultimately to specify colour rendering properties in terms of 
percentage luminance in spectral bands alone. 


(1) The Problem 


Photometrists and colourists have long been interested in finding a simple yet 
accurate method for measuring and hence specifying the colour of light sources. The 
problem first arose as an .academic investigation with the introduction of electric 
discharge lamps, but did not become important until appreciable modification of the 
colour of mercury vapour lamps had made it possible to obtain many sources giving 
apparently similar white lights, but with different colour-rendering properties. The 
mains voltage fluorescent lamp, which has since been introduced throughout the 
world, has made it very desirable to have a common method of specifying the colour 
characteristics of such sources. 

The coloured appearance of objects or surfaces is known to depend on their 
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spectral reflectance properties and on the spectral energy distribution of the illuminant, 
The distortion of the colour appearance of materials under artificial light in its various 


forms is common experience, and arises from the difference in the spectral energy 


distribution of the artificial light sources from that of daylight or other comparison 
illuminants. 

With the exception of fluorescent objects, which must be considered separately, 
it is the form of the energy distribution in the visible spectrum, or its relative spectral 
luminance, which determines the colour-rendering properties of the light source. 

It is axiomatic that the exact specification of the spectral distribution of energy 
radiated by a source completely defines its colour characteristics. The application 
of this fact to defining practical lighting sources reveals the following limitations :— 

(i) The difficulty of defining interdependent limits covering the whole range of 
the wavelengths of the visible spectrum. 

(ii) The necessity for dispersing the light from the test source in order to be able 
to measure the luminance in narrow wavebands leaves only small amounts 
of energy to be measured, and the accuracy of such measurements is not yet 
generally sufficient by itself for colour specification purposes. 

(iii) The difficulty of trying to assess the relative colour-rendering effects of two 
sources, one containing line spectra and continuum and the other continuum 
only. 

In practice it is found helpful to regard the colour characteristics under two 
headings : — 

(a) Colour appearance. 

(b) Colour rendering. 


(1.1) Colour Appearance 


Colour-appearance measurements can be made accurately and the limits expressed 
in terms of chromaticity co-ordinates. A number of simple but accurate instruments 
for doing this are briefly described in section 4. 

It is usual to express the colour appearance in the following ways :— 

(i) In the C.L.E. XYZ trichromatic coefficients. 

(ii) In relation to the colour of a black body at a stated colour temperature, 
expressing the departure from the black body locus plotted in the CIE 
Chromaticity diagram, in terms of minimum perceptible colour differences 
or mireds (micro-reciprocal degrees). 

The comparative simplicity of these measurements and of their expression leads 
to a danger that they are sometimes regarded as being a sufficient definition of the 
colour and colour-rendering characteristics of the light sources. Among users there 
is a very definite lack of appreciation of the fact that it is possible to have illuminants 
of an infinity of spectral distributions but identical colour appearance, which may 
consequently all have different colour-rendering characteristics. 

The colour-rendering properties of daylight and of most of the earlier forms 
of artificial illuminants could be expressed by reference to their colour temperatures, 
as these defined, indirectly, but sufficiently accurately, for most general purposes, the 
relative spectral luminance. 


(1.2) Colour-rendering Properties 


It is the colour-rendering quality of light sources that is of fundamental import 
ance. Methods of measuring, representing and specifying the colour-rendering 
properties of electric discharge lamps other than by reference to the complete spectral 
energy distribution curve have, therefore, been sought. 

Following much early work, particularly that of Bouma(!), we have in Great 
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COLOUR AND COLOUR RENDERING PROPERTIES OF LIGHT SOURCES 


Britain been perfecting methods for reducing the consideration of the complete spectral 
distribution to that of the luminance in eight specifically defined bands. In Section 3 
a description is given of the equipment that has been developed and used, and the 
measurements taken on such equipments are being correlated with subjective criticisms 
of lamp-colour characteristics. 

In view of the break in continuity which has occurred during the war years, a 
brief historical survey of work carried out before the 1939 C.LE. meetings will enable 
the more recent work to be considered in proper perspective. Part of the work since 
1939 implements the recommendations of the C.I.E. Comite d’Etude sur la Photometrie 
Physique, to study and develop physical methods of realising the C.I.E. Standard 
Observer. 


(2) Luminance in Spectral Bands as a Measure of Colour 
Rendering Properties 


Reference has been made to the fact that it was mainly the development of electric 
discharge lamp light sources which made it desirable to have a simple method of 
assessing colour rendering properties. 

Apart from the early use of fluorescent powders in high voltage tubes, the first 
major colour modification in electric discharge lamps was achieved by the addition 
of cadmium to mercury vapour lamps and/or coating the outer bulb with fluorescent 
material. The aim was to overcome the deficiency of red light in the high-pressure 
mercury vapour lamp radiation. The effectiveness of the colour modification was 
expressed in terms of the “red ratio” measured by determining the light passed by a 
Wratten No. 25 red filter, and expressing this as a percenatge of the total light output 
as described by Winch and Palmer (2) (1934). However, this method was inadequate 
as a means of specifying the colour rendering properties of tubular fluorescent lamps, 
where approximately 90 per cent. of the light was obtained from the fluorescent powder 
coatings, and alternative methods were therefore considered. 

Commencing in 1936, the leading British and European lamp development 
laboratories collaborated in attempting to obtain a common method of specifying the 
colour rendering properties, and correspondence was exchanged with some American 
authorities in 1939. Unfortuntaely, the war prevented further interchange of ideas on 
this subject outside this country. 

Bouma (!) in 1936-37 and also in 1939 at the C.1.E. meetings in Holland, proposed, 
on theoretical grounds, specifying the colour rendering properties by the relative 
luminance in eight spectral bands. From the Judd (3) uniform chromaticity data, 
Bouma calculated the effect of subdividing the visible spectrum into a number of equal 
and also a number of unequal spectral bands, and indicated that a minimum of eight 
defined spectral bands specified sufficiently accurately for most purposes the colour 
rendering properties of practical electric discharge lamps. This conclusion was arrived 
at by comparing the chromaticity co-ordinates of Standard Illuminant C (6,500 deg. K.) 
with the chromaticity co-ordinates of a hypothetical light source in which all the energy 
is concentrated in lines centrally placed with respect to the wavelengh limits of the 
Various spectral bands explored. In these calculations he divided the visible spectrum 
into equal wavelength intervals from a maximum of 15 to a minimum of 5; and 
also 7, 8 and 9 selected unequal intervals in which the bands were made narrower 
at the blue end of the spectrum. In all these sub-divisions care was taken to avoid 
coincidence of the wavelength interval limits with spectral lines of practical light 
sources. The calculated chromaticity co-ordinates of these hypothetical light sources 
were plotted in the C.I.E. chromaticity diagram, from which it was shown that of these 
various experimental subdivisions of the spectrum, that derived from the eight spectral 
bands details in Table I was closest in colour appearance to that of Standard Illuminant 
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C. A similar conclusion was arrived at when the same calculations were applied to 
Standard Illuminant A. 





Table I 
Division of visible spectrum into eight bands as proposed by Bouma 
Band | Wavelength limits 
1 | 0.40 t00.42n = | 
2 ().42 to 0.44 ,, 
3 0.44 to 0.46,, 
4 | 0.46 to 0.51 ,, 
5 | 0.51 to 0.56 ,, 
6 | 0.56 to 0.61 ,, 
7 | 0.61 to 0.66 ,, 


i 2) 


| 0.66 to 0.72 ,, 


balls Lectessldeitaeadile iteiatiies 


Bouma also made experiments with widely different surface colours and each 
colour sample was illuminated, half by a continuous energy source and half by a 
discontinuous energy distribution source having the same (or some known) departure 
in luminance in the eight spectral bands. The results of these tests are said to 
substantiate the claims for using the particular spectral bands detailed in Table I for 
expressing the colour rendering properties of practical’ light sources. 

Taylor (4) (1939 and 1940) also realised the difficulties of interpreting the complete 
spectral energy distribution curve of such light sources, and proposed that the 
relative energy and/or relative luminance should be calculated from the spectral energy 
curve and represented in a block form of diagram. He divided the spectrum into nine 
bands, expressing the radiation or luminance in each as a percentage of the whole. 
The wavelength limits of the bands were those indicated in Table II. 





Table II 
Division of visible spectrum into nine bands as proposed by Taylor 
Band | Wavelength limits 
1 0.3950 to 0.4340 pu 
2 0.4340 to 0.4775 ,, 
3 0.4775 to 0.4980 ,, 
4 0.4980 to 0.5285 ,, 
5 0.5285 to 0.5690 ,, 
6 0.5690 to 0.5900.,, 
7 0.5900 to 0.6185 ,, 
8 0.6185 to 0.6415 ,, 
Lal 0.6415 to 0.7050 ,, 





These intervals were arrived at by dividing the visible spectrum into adjacent 
sections, each of sixteen minimum perceptible colour steps as defined by Nutting and 
Jones (5), who had indicated that there are 128 just perceptible colour differences in 
the visible spectrum. Starting from the blue end of the spectrum, this method of 
subdivision was used to obtain the bands 1 to 7, whilst the intervals of bands 8 and 9 
embraced only eight minimum perceptible colour steps. 

The spectral band method of presentation proposed by Taylor (4) had been 
intended only as a method of expressing the results of measurements of the complete 
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COLOUR AND COLOUR RENDERING PROPERTIES OF LIGHT SOURCES 


spectral energy distribution curve. It became evident that the practicability of 
expressing colour rendering properties in terms of the luminance in any chosen series 
of spectral bands would be dependent on the ability to measure these values sufficiently 
accurately and rapidly. 


(3) Colour Rendering Measurement Techniques 
(3.1) Historical 

Following the theoretical work of Bouma and Taylor, other workers investigated 
methods of measuring the relative luminance in spectral bands. The actual bands 
chosen at this stage were less important than determining whether or not the measure- 
ment of luminance in spectral bands could be made sufficiently accurately and quickly 
to be useful in practice. 

The essential requirements of such an apparatus appeared to be embodied in 
proposals made early in this century for making a physical receptor having the 
spectral response of the average human eye (later the Standard Observer). Because 
it was difficult to make filters for modifying the spectral response of thermocouples 
(and later photocells) to give a desired overall spectral response exactly, Pfund, in 
1906, proposed a ‘mechanico-optical method of producing any desired spectral 


_ transmission. This method was to disperse the light from the test source, and in the 


spectral image plane to arrange a mask of such shape that the light in different parts 
of the spectrum was appropriately attenuated, so that the light passing through the 
mask, when recombined on to the light sensitive receptor, produced the required overail 
response. 

This method was later developed for photometric purposes only, by Strache (6) 
(1911), Ives and Brady (7) (1911), Ives (8) (1915), and Laporte and Ganz (9) (1936), 
but the accuracy achieved left much to be desired. 


(3.2) Spectral Band Measurements using Selenium Rectifier Photocells 


Aldington communicated to the authors in January, 1937, a report describing an 
attempt to adapt the above-mentioned method to the measurement of luminance in 
spectral bands, using a single dispersion system, although he did not publish this work 
until 1942 (1°), The tubular fluorescent lamp to be measured was mounted directly 
in front of the entrance slit, and behind the exploring shutter in the spectral image 
plane was a selenium rectifier type photocell, the output of which was indicated by a 
reflecting galvanometer. 

With this apparatus, exploratory measurements were made of relative luminance 
in twelve spectral bands on high pressure mercury, and mercury cadmium lamps in 
clear and fluorescent outer bulbs. The accuracy was poor in the end bands due to 
the small amount of energy present and the low sensitivity of the apparatus. At that 
stage, therefore, practical applications were limited, although Aldington made 
improvements in a later model. 

An extension of this method was described by Harrison (!!) (1947), in which the 
sensitive surface of the selenium rectifier photocell in the spectral image plane is 
divided into the eight spectral bands proposed by Bouma (Table 1), by cutting through 
the front surface of the cell and so isolating the eight sections, Fig. 1. Contact 
from each section was taken through a multi-contact switch to the reflecting galvano- 
meter so that the photoelectric current from each section, and therefore the respective 
luminance values, could be measured in quick succession by operation of the multi- 
contact switch. No attempt was made to mask the photocell so that its spectral 
response would be that of the standard observer, but the apparatus was calibrated 
by reference to tungsten filament lamps of known colour temperature, and consequently 
of known luminance, in the eight spectral bands. This apparatus has been shown 
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Fig. 1. Selenium rectifier photocell with 
sensitive surface divided into eight sections, 





to yield greater accuracy than Aldington’s earlier instruments although, because only 
a single dispersion system is used, it is not free from stray light errors which show 
up mainly in the end bands. Even so, this instrument has proved of very practical 
value in making routine commercial measurements of luminance in spectral bands, and 
the errors in the end bands are minimised by applying appropriate corrections. As 
in the earlier instruments, the lamp under test is operated immediately in front of the 
entrance slit. If, however, the fluorescent coating on a tubular lamp is not uniform 
and it is required to know the average luminance in spectral bands it is necessary 
to make measurements at several places on the tube. . 


(3.3) Spectral Band and Colour measurements using emission type photocells 


The sensitivity and accuracy limitations imposed by the use of selenium rectifier 
type photocells led other workers to explore the possibilities of emission type photo- 
cells in dispersion and mask type apparatus. 

An instrument was described by van Alphen (!2) (1939) for measuring luminance 
in the eight spectral bands detailed in Table 1, utilising a double dispersion system to 
ensure freedom from errors due to stray light, and an emission type vacuum photocell 
coupled to an electrometer valve in a charging circuit in order to obtain a very high 
sensitivity. Thus a useful signal was obtained in the end bands from lamps operating 
in a 50 cm. diameter spherical integrator, the brightness of the inegrator window 
filling the aperture of the entrance slit of the instrument. 

Winch and Machin (!3) (1940) described the parallel development of apparatus 
operating on the same principle, using a single dispersion system in which the spectral 
band masks were mounted in quickly detachable mechanically located holders to 
facilitate rapid operation. The sensitivity of this apparatus was sufficient to enable 
tubular fluorescent lamps to be measured for average spectral luminance in the eight 
spectral bands, when operating in a 2 ft. 6 in. diameter spherical photometric integrator. 
The photoelectric measurements were made on a direct reading universal photometet 
utilising a D.C. valve bridge amplifier incorporating an electrometer triode, high 
value grid leak, and emission photocell, all mounted in one evacuated envelope. 
This latter part of the apparatus had been developed by Winch and Machin (!4) (1935) 
for any type of precision photometric measurement, and was found eminently suitable 
in this application. 

Some workers in this country still favour measuring the complete spectral distri- 
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bution and integrating the results mathematically into luminance in the eight spectral 
bands of Table 1. The equipment used for these measurements is shown in Fig. 2. 

The average light output of a 6-in. length of the fluorescent lamp is measured by 
arranging a 1 ft. diameter spherical integrator to close round the section of the tube 
to be measured. A double dispersion precision monochrometer (Hilger Muller type) 
views the diffusing window of the sphere and measurements of the radiation from 
the exit slit are made photo-electrically using an emission photocell and D.C. electro- 
meter valve bridge amplifier. High accuracy is achieved by this method, but it is 
naturally slower than the direct methods that have been described, although the 
mathematical integration has been simplified so that the complete data, spectral 
distribution and eight band measurements can be obtained in approximately one hour. 
This method gives complete spectral distribution data required for other purposes, and 
since for fluorescent lamp colour control it is used in conjunction with a colorimeter 
described in Section 4, spectrum band data measurements are taken as type tests 
only. Reference is made to results obtained with this equipment by Davies, Ruff and 
Scott (15) (1942). 

Experience with these various types of instruments has shown the importance of 
speed of operation coupled with high accuracy in measurement if they are to become 
useful for controlling the colour-rendering properties of tubular fluorescent and other 
lamps. Considerable further development work has therefore been done since the 
war in this connection. 

A multi-purpose instrument, capable of measuring accurately in quick succession 
the lumens, chromaticity co-ordinates, and relative luminance in the eight spectral 
bands of Table 1, while the tubular fluorescent lamp is operated in a 5-ft. spherical 
integrator, was described by Winch (!6) (1946) and shown in further improved form 
at the ILE.S. (London) Convention Exhibition in the same year. This last instrument 
has double dispersion and uses an emission photocell: the various masks are mounted 
in a wheel held between centres, but easily detachable, and arranged with a notching 
device so that the masks can quickly be located successively. Stability is achieved 


Fig. 2. Showing a spectro- 
photometer. 
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Fig. 3. Physical eye 
colorimeter and spectral 
band apparatus. 





by operating the photocell in a temperature-controlled enclosure. A photograph of this 
is shown in Fig. 3. 

It is hoped that this instrument will not only facilitate spectral band measurements, 
but will also have other applications, particularly as a reflection colorimeter, spectral 
reflectometer, and photometer for making measurements in accordance with the 
C.LE. Standard Observer. 


(4) Colour Appearance Measurement Techniques 


As described in the foregoing section it is possible to use a single equipment for 
measuring colour appearance of tubular fluorescent or other lamps, as well as for 
determining the luminance in the spectral bands. During the past few years these 
two types of measurement have, however, frequently been made on separate instruments. 

The Donaldson visual colorimeter has proved suitable for making colour appear- 
ance measurements, and two other methods are worthy of note. 

Ruff, Clarke and Lomas developed in 1941 a visual colorimeter shown at the 
Physical Society Exhibition, January, 1946, and I.E.S. (London) Convention, May, 1946. 

In this equipment, shown in Fig. 4, the three matching stimuli comprise tubular 
fluorescent lamps with red, yellow and blue fluorescent coatings, similar to those 
which can be mixed together to give a white fluorescent lamp coating. Shutters in 
front of each of these control the effective length which illuminates the comparison 
field of a six degree field Lummer Brodhun contrast type photometer head. This 
type of photometer field, which gives a high precision of balancing can be used in 
this instrument without the errors normally associated with a large field, because when 
measuring other tubular fluorescent lamps (which is its main function), there is sensibly 
an energy match at the point of colour match. 

Harrison“) (1947) has used a combination of simple visual colorimeter and 
photoelectric means of deriving the C.I.E. chromatic co-ordinates after the visual 
colorimetric balance has been made. In this arrangement, an opal glass viewing 
window is illuminated from behind, on one half by the tubular fluorescent lamp under 
test and on the other by appropriate proportions of three matching stimuli in the 
form of tubular fluorescent lamps, the exposed length of each of which can be 
varied until the two halves of the opal glass appear the same brightness and colour. 
The contribution from each matching stimulus is subsequently measured 
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Fig. 4. Visual colorimeter with 
tubular fluorescent lamps as the 
three matching stimuli. 












separately by means of a selenium rectifier photocell covered by a green glass filter 
to give approximately the spectral response of the C.I.E. Standard Observer. From 
these results, if the chromaticity co-ordinates of the separate matching stimuli are 
known, the chromaticity co-ordinates of the test lamp can be calculated. The accuracy 
of this method is dependent on the extent of the approximation of the spectral sensi- 
tivity of the photocell-filter combination to that of the C.I.E. Standard Observer, and 


= 


Fig. 5. Visual - cum- 
photoelectric trichro- 
matic colorimeter. 
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the substitutional nature of the calibration, but it has been shown that a satisfactory 
commercial accuracy can be achieved with this simple form of instrument, a photo- 
graph of which is shown in Fig. 5. 


(5) Control and Specification of Colour and Colour Rendering Properties 
The improvement in accuracy of measurement has made it possible to use colour 


and luminance in spectral bands for appraising the colour-rendering properties of f 


tubular fluorescent lamps and some other sources. 

Measurements on tubular fluorescent lamps interchanged between British lamp 
manufacturers have confirmed that the accuracy of such measurements is already 
sufficient for provisional specification purposes. 

A review about a year ago (1947) indicated the agreement tolerances shown in 
Table III which the accuracy of measurement would permit at that time. 





Table III 

Eight spectral band tolerances 

| ____Waveband = 2 Tolerance | =. 
0.4000-4200% | -+ 20 per cent. | 
0.4200-4400,, S a | 
0.4400-4600,, a, | 
0.4600-5100,, | ,, 10 ,, | 
0.5100-5600,, | ,, 5, | 
0.5600-6100,, a | 
0.6100-6600,, tho, | janes | 
0.6600-7200,, pM 6 | 








It will be evident that if the accuracy of measurement of relative luminance in 
the spectral bands were sufficiently high and fluorescent lamp making techniques perfect, 
close limits on the spectral band values would be sufficient to specify the spectral 
distribution of the lamps; it follows that their colour appearance would automatically 
be controlled. In view of the difficulty until quite recently of making spectral band 
measurements sufficiently accurate to be used alone, a compromise has been adopted. 
In addition to spectral band measurements the lamps have been measured for colour 
appearance which is, of course, very critical with spectral energy distribution. Where 
fluorescent lamps are being made by an established process using a particular form 
of fluorescent material which ensures that the spectral distribution will be of one 
general form it is often convenient to use measurements of colour appearance as an 
indication of the small variations from the objective. The instruments described in 
section 4 have been used successfully for such measurements. 

Colour appearance measurements also have direct value. For example, they 
give information on the possibility of operating lamps adjacent to one another without 
there being an obvious difference in colour of the tubes. 

As has been stressed, however, measurements of colour appearance alone are 
not an indication of colour-rendering properties. FFor some years, therefore, now, 
British lamp makers have, amongst themselves, specified colour-rendering properties 
in terms of a target for colour appearance combined with limits on the luminance in 
the eight spectral bands of Table 1. The advantages of this dual form of specification 
are that greater inaccuracy in the spectral luminance measurements can be tolerated 
without seriously affecting the degree of control exercised, thus making it possible 
to use the simpler forms of measuring apparatus for much of this work. 

It seems probable that separate specification of the colour appearance tolerances 
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Fig. 6 (left). Spectral band diagram indicating 
colour rendering properties. 
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Fig. 7. (above). Chromaticity target for tubular 
fluorescent lamps having a colour appearance 
centring approximately on 4500°K. 


may make it possible to permit wider tolerances in the spectral luminosity bands as 
these can then be determined solely from the viewpoint of colour-rendering. 

The form of specification favoured is indicated in Figs. 6 and 7. These are 
shown for a batch of daylight lamps not necessarily representative of the manufactured 
product In the colour appearance diagram Fig. 7 the colour limits are bounded by 
the iso-mired lines 210 and 240 (micro-reciprocal degrees), representing limits of 
plus or minus fifteen mireds from the colour of a black body at approximately 
4500 deg. K. 

The associated spectral band data are given in Fig. 6, where the wavebands are 
shown diagrammatically as of equal width on the basis that they have approximately 
an equal effect on colour-rendering. The height of the rectangles is plotted on 
logarithmic ordinates to represent the percentage luminance in each band. The use 
of the logarithmic ordinate seems to give a reasonable pictorial representation of 
the relative colour-rendering of various light sources. 

Thus it will be seen that the colour appearance is specified and controlled by the 
chromaticity target, and the spectral band limits ensure that the lamp has a certain 
form of spectral luminance distribution. This ensures a measure of control of colour- 
tendering properties satisfactory for most commercial purposes, and avoids the 
possibility of the spectral luminance distribution departing seriously from a defined 
form, which could occur where colour alone is specified. 


(6) Conclusion and Future Developments 


The position in Great Britain is that at present it has been found desirable to 
specify the colour characteristics of light sources of the fluorescent type in terms of 
both their colour-rendering characteristics, expressed in the terms of their luminance 
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in eight spectral bands, together with a specification of colour appearance, couched in f 
terms of C.LE. chromaticity co-ordinate limits. Equipments of the different type } 


‘I 








described are in use in the various lamp development laboratories and the following f 


results are emerging. 


(i) The measurement accuracies of luminance in the eight spectral bands arf 
such that just perceptible differences in the colour-rendering properties of F 


lamps tested to date seem to be detectable. 

(ii) The accuracy of measurement (i) requires the additional measurement and 

specitication of colour appearance. 

The equipments described are now enabling the long-term subjective work oj 
trying to allocate tolerances to be undertaken. It is hoped that the other countries and 
laboratories will co-operate in this effort and that ultimately one system may lb 
standardised for international use. 

As more accurate measuring apparatus becomes available it may be possible to 
test out thoroughly the theories underlying the choice of the optimum number ani 
wavelength intervals of spectral bands used for defining colour-rendering properties. 

It is hoped that it may prove opportune to explore the potentialities of a method 
of appraising colour-rendering properties by reference to the displacement 0 
co-ordinates on the uniform chromaticity diagram. Winch, in 1936, in a report to 
Bouma, Aldington and Ruff, proposed to measure the colour-rendering properties 0/ 
light sources by reference to the displacement on the Judd uniform chromaticity 
diagram, of the chromaticity co-ordinates of the light reflected from an agreed set of 
surface colours when illuminated by the test source, as compared with the chromaticity 
co-ordinates of the light reflected from the same samples when illuminated by one 
of the standard illuminants A, B or C. The standard illuminant chosen for reference 
would be dependent on the application in which the particular lamps to be tested would 
normally be used. It was suggested at the time that these measurements should lk 
made on a direct reading photoelectric differential colorimeter (4). This method was 
not published or pursued further at that time because of the limited accuracy and 
availability of that type of colorimeter. With the very greatly improved accurac\ 
of the dispersion and mask type of colorimeter referred to in Section 3.3 it is possible 
that some extension of this method may usefully supplement the spectral bani 
technique of specifying colour-rendering properties of light sources. 

The facilities offered by the new forms of apparatus with their greater accurac; 
and speed of operation may enable the colour and colour-rendering properties of 
illuminants to be studied and analysed more after the manner of the somewhat similar 
work on surface colours and sources by McAdam (!9), Moon and Spencer (2°) and 
others. 


(7) Addendum: Progress Since 1948 


In view of the considerable time which has elapsed since this paper was prepared 
(April, 1948), it may be of interest to record that following its presentation at th 
meetings of the I.C.I. in Paris in July, 1948, the spectral band intervals in Tables | 
and 3 were, with the exception of bands 1 and 8, adopted for international use. |! 
was agreed to extend the end bands to the extreme limits of the relative spectral 
luminance curve, namely from 0.38, at the blue end to 0.76 at the red end of the 
spectrum. The actual wording of the I.C.I. resolution (7) of the Colorimetr 
Technical Committee is as follows :— 

“COLOUR AND COLOUR RENDERING PROPERTIES OF ILLUMINANTS ” 
It is recommended : 
(a) that the colour rendering properties of illuminants should be measured ani 
expressed in terms of : 
(i) chromaticity co-ordinates on the standard C.I.E. system 
(ii) luminance in agreed spectral bands. 
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(b) that in view of established practice the spectral bands used in (a) above should 


ed in 
provisionally be as follows : 


types 








wing & 
S are Spec. Band No. r Wavelength limits 
es of 1 380 to 420 w 
2 420 to 440 ,, 

t and 3 440 to 460 ,, 

; 4 460 to 510 ,, | 
rk of 5 510 to 560 ,, | 
S and 6 560 to 610 ,, 
Ay be 7 610 to 660 ,, 
nie ts 8 660 ad 7” m= 
Tr and 
Lies. (c) ‘that methods of appraising colour rendering properties, including confirmation 
iethod of the best spectral band intervals, should be further explored by National 
nt oi Committees. 
ort to The authors would also draw attention to the fact that throughout the paper the 


Jes 01% colour temperature of Illuminant C is referred to as 6,500 deg. K, this being intended 
aticit) ® as an approximation to the nearest 200 deg. K. To the nearest 100 deg. K, the colour 
set | temperature of Standard Illuminant C is 6,700 deg. K, but this does not affect the 
aticily ® general conclusions based on the figure of 6,500 deg. K, quoted in the paper. 

y one Since the summer of 1949, the six sided form of target shown in Fig. 7 has been 
erenct ® superseded by one in the form of a MacAdam ellipse of plus or minus 5 (MacAdam) 
would & minimum perceptible colour differences, and centred on the objective. 


ld be The prototype instrument briefly described at the end of section 3.3 of this paper, 
d r+ and shown in Fig. 3, is now available in an improved form (2!). 
'y an 
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(1) Nature of Papers 
The Society offers facilities for the reading and publishing of original papers on 
matters relating to the general advancement of illuminating engineering and the 
utilisation of natural and artificial light. Review papers are also acceptable. 
The following notes are given for the guidance of authors, for by following them 
they can greatly assist the Papers Committee, the Referees, the Editor and the Secretary, 
Authors should refer to recent issues of the Transactions for guidance in style. 


(2) Procedure for Submission of Papers 


In the first instance an author should send a summary (about 400-500 words) of 
his paper to the Secretary so that the Papers Committee can consider its suitability, 
The committee will then indicate to the author whether they wish him to proceed with 
his paper. 

The complete manuscript of a paper for presentation at a meeting should teach 
the Secretary not less than three months before the date of the meeting at which 
it is to be read; this is necessary to allow time for the Papers Committee and Referees 
to consider it and for advance copies to be printed. Papers for publication only may 
be submitted at any time. 

The manuscript is scrutinised by independent Referees appointed by the Papers 
Committee who may suggest modifications. Such suggestions are passed to the 
author for revision of tha manuscript. The revised manuscript is then passed to 
the editor of the Transactions. 

(3) Length of Papers 


Papers should be written for publication and should be as concise as _ possible, 
Their length should not be more than 5,000 words; this may be exceeded only where 
very detailed treatment of the subject is necessary. Authors exceeding these limits 
may be asked to reduce the length of their papers. 


(4) Preparation of Manuscript 
(4.1) Typing 
Manuscripts must be typed in double spacing on one side of the paper only. 
Three copies should be submitted. Mathematical expressions should be inserted 
very clearly by hand. Good margins (about 14 in.) should be left at top, sides and 
bottom of each page. Tables should be typed on separate sheets. Headings should 
not be underlined. 


(4.2) Title and Headings 

These should be specific and brief. Authors should refer to recent issues of the 
Transactions for style and layout. Only three types of headings are used: bold 
centred; bold shoulder (i.e. to the left of the page) and italic shoulder. If headings 
are numbered they should follow the style (1), (1.1) and (1.1.1) respectively. 


(4.3) References 
These are given in the form of numbers in the text referring to a list at the end 
of the paper. References should be given in the following order :— 
author, publication, volume No., page No. (year). 
e.g., Smith, A. B., Trans. Illum. * i Soc. (London), 15, 401 (1950). 
(4.4) Tables 


Tables should be numbered in sequence and each should be typed on a separate 
sheet. Each should have a heading stating briefly the nature of the information 
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given in the table. Units should be given at the head of the columns to which they 
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(4.5) Illustrations 


These should be kept to a minimum. If possible all photographs should be the 
same size. Figure numbers and captions must be clearly written on the reverse of 
the illustrations. The approximate position of each illustration should be indicated 
in the text; a list of captions should be attached to the manuscript. 

Untidy and badly-lettered line drawings can spoil a paper. Drawings must be 
on large scale (14 to 3 times the reproduced size) in black ink on white board or blue 
tracing cloth; graph paper should not be used and very fine lines should be avoided. 
Lettering must be neat and must be sufficiently large to stand reduction in size on 
reproduction. (Authors are recommended to see recent issues for guidance in the 
ultimate size in lettering; if in doubt lettering should be inserted in pencil and the 
Secretary consulted.) Lettering must be neat. Free-hand lettering requires great skill. 
and in general is unsuitable, stencilled lettering is preferred. 

Duplicate prints or copies of illustrations should be supplied with the copies of 
the manuscript so that the originals need not be handled until blocks are made. 


(4.6) Nomenclature and Symbols 


Authors should use standard terms and symbols; attention is directed to B.S. 205, 
Pt., 6. 


(4.7) Acknowledgments 

No trade names may be mentioned nor may the names of manufacturers be 
stated in the text or in presentation except in the form of a general acknowledgment 
of information or assistance rendered which should appear at the end. 


(4.8) Summary 

Having completed the manuscript, the author should make a summary of about 
150-200 words to be inserted at the beginning of the paper and indicating the scope 
and contents of the paper. The summary is frequently used as an abstract and 
should therefore be very carefully prepared and complete in itself. 


(5) Proofs 


Proofs are submitted to authors for correction. Authors should not insert new 
material at this stage but should confine themselves to corrections that really matter. 
If the manuscript is well prepared there should be few corrections. 


(6) Copyright 
Every paper presented to the Society and accepted for reading or for publication 
in full or in abstract and the copyright thereof becomes the property of the Society. 


The council may release or surrender the rights of the Society in this respect if they 
think fit. 


(7) Presentation of Papers at Meetings 


__ The practice at meetings of the Society is for papers to be presented by the author 
i shortened form and then discussed, the author replying at the end. 
_ The form and phrasing suitable for the spoken presentation of a paper is quite 
different from that best for printing. The author should not read the printed version 
but should present a version specially prepared for speaking—not merely shortened 
from the printed version by the excision of certain paragraphs. He may read from 
script or speak from notes but it is wise to use a prepared script conveniently typed 
lor reading. 

The presentation of a paper should not take more than 30-40 minutes including 
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the time spent in showing lantern slides or demonstrations. Speakers would do we 
to adopt a rate of reading of not exceeding 100 words a minute. 

Where a paper is the work of several authors it is usual for one of the authors 
deliver it and for another to reply to the discussion, though it may be expedient in thf 
reply for each author to deal with matters on which he has special knowledge. Thy 
presentation is sometimes shared, each author speaking on one section, but this prof 
cedure requires careful preparation. The aim should be to secure the best presentation 
to the audience rather than to give each author a chance to speak. 

Lantern slides, films and demonstrations add greatly to the interest of a pape 
They are, however, intended to illustrate and should not “ steal the show ”; they shoul} 
arrive inevitably from the author’s argument and should serve to clinch it. The num 
ber of lantern slides will depend upon the subject but should be limited to a dozen whe 
careful scrutiny by the audience is demanded; in particular lantern slides of tabluf 
should not be used. Slides and demonstrations should be distributed fairly even} 
throughout the paper and not deferred until the end. 


Additions to List of Members 


The following applicants have been duly elected by the Council to membership in th 
Society, and their names have been added to the list of members:— 
CORPORATE MEMBERS :— 


Baskeyfield, M. ............ Holly Tree Cottage, School Lane, Ashley, nr. Market Drayton 
SHROPS. 

TT S| ae nes 14, Sandgate Road, EDMONTON, N.18. 

Benzio, V. Via Bergognone 34, Milano, ITALY. 

ie eae Sea “Oakfield,” Oakley Street, Shrewsbury, SHRopPs. 

SNE, «co sevsacacsisanie 89, Islington Row, Edgbaston, BIRMINGHAM, 15. 

Haycock, C. J. 360, Portland Road, Edgbaston, BIRMINGHAM, 17. 

Holmes, A. D. 204, Selly Park Road, Selly Oak, BIRMINGHAM, 13. 

James, W. D. 17, Victoria Road, St. Philip’s, Bristot, 2. 

Newman, W. E. 16, Priory Road, Newcastle, STAFFs. 

CO, aaa, 30, Vicarage Crescent, Newcastle, STAFFS. 

Pendergast, D. .............. 2, Aked Street, Ardwick, MANCHESTER, 12. 

Scholefield, S. Loidus, Southlands, Stone, STAFFs. 

Scott, G. C. ...............26, Lynwood Grove, Orpington, KENT. 

MN is NY ~ ssnraccwscnaaen 5, Greenfield Road, Southmead, BrIsTOL. 


Register of Lighting Engineers 


The Council have accepted the following applications for inclusion on the Register of 
Lighting Engineers:— 
D. C. Allen, J. B. Collins, R. B. Coupe, S. M. Dawes, J. M. Glenton, 
W. F. Griffiths, E. N. Lockyer, C. J. Misselbrook. W. H. T. Smithson, 
N. L. Staniforth, L. R. Tucker, G. H. Walker. 


The Trotter-Paterson Memorial Lecture 


The first Trotter-Paterson Memorial Lecture will be given at the Royal Institution 
Albemarle-street, London, W.1. at 6 p.m. on Wednesday, January 17, 1951. The title 
of the lecture which is to be given by Dr. J. W. T. Walsh is “The Early Years 0 
Illuminating Engineering in Great Britain.” 

Admission to the lecture will be by ticket only. Tickets may be obtained from 
the Secretary at 32, Victoria-street, London, S.W.1. 
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